One major objective of the sustainable construction movement is to decrease the energy and carbon dioxide footprints of concrete. Since the production of portland cement is a major contributor in both of these areas, concretes with increasing quantities of supplementary cementitious materials replacing cement are drawing renewed interest. While cement is typically the majority component of the binder powder in a blended cement concrete, the physical and chemical properties of all of the powder components will strongly impact concrete performance. Following on a recent patent application filing by Roman Cement LLC on "High Early Strength Pozzolan Cement Blends" (patent granted in September 2010), the current study focuses on evaluating the properties of cement-fly ash blended cements, examining the influence of volumetric proportions of fly ash:cement and the individual particle size distributions (PSDs) of the cement and fly ash on a variety of performance properties including admixture requirements, setting times, heat release, strength, and autogenous deformation. Each of the three independent variables is examined at four different levels; a fractional factorial experimental design is employed to reduce the requisite number of mixtures from 64 to 16. To provide for the fairest comparison, all mortars are prepared with constant volume fractions of components: water, sand, and binder powders (cement + fly ash). The basic objective of the study is to evaluate if these blended cements can match the performance of a 100 % portland cement system, as exemplified by providing equivalent or superior strengths at both 1 d and 28 d. The results indicate that by controlling the PSDs of the cement and fly ash, 20 % fly ash replacements for cement on a volume basis can readily achieve this performance goal, while 35 % replacements can approach this goal and even achieve it when the fly ash source (class) is carefully selected.
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Introduction and Scope
It is well established that the particle size distribution (PSD) of the cement plays a major role in influencing the fresh and hardened properties of cement-based materials, particularly at early ages [1] [2] [3] [4] . In fact, one of the major trends in concrete technology in the past fifty years has been a consistent increase in the fineness of cement [5] , mainly to provide increased earlyage strengths to support fast track construction. While these cements are typically optimized for utilization in ordinary portland cement concretes, another more recent trend, partially in response to an increased focus on sustainability, is an increase in the utilization of supplementary cementitious materials (SCMs) such as slag, fly ash, and silica fume in concretes. Cements that are optimized for a 100 % cement binder may not be optimized for utilization in a blended product. With this in mind, Roman Cement LLC has recently filed a patent for "High Early Strength Pozzolan Cement Blends," where the PSDs of both the cement and pozzolan are controlled to produce "optimum" (early age) properties [6] . For example, delayed setting times and low early age strengths are two of the most common problems associated with the production of high volume fly ash (HVFA) concretes [7] . With this in mind, the purpose of the ongoing Cooperative Research and Development Agreement (CRADA) between Roman Cement LLC and the National Institute of Standards and Technology (NIST) is to conduct a statisticallydesigned experiment to determine the influence of cement and fly ash particle characteristics on a variety of performance variables including high range water-reducing admixture requirements, heat release, semi-adiabatic temperature rise, setting times, strength development at both early and later ages, and autogenous deformation. The basic premise is that blending a finer cement with a coarser fly ash may produce a superior product, in terms of increasing early age strengths while maintaining later age performance. The present report summarizes and interprets the experimental results obtained in this study.
Experimental Design and Material Characteristics
A commercially available Type I/II (ASTM C150 [8] ) cement and a Class F fly ash (ASTM C618 [9] ) were obtained by Roman Cement LLC from their respective manufacturers. According to its manufacturer, the cement has a Blaine fineness of 376 m 2 /kg and a potential Bogue phase composition of 57 % C 3 S, 15 % C 2 S, 7 % C 3 A, and 10 % C 4 AF by mass. Its measured density is 3200 kg/m 3 ± 10 kg/m 3 (ASTM C188 [8] ). According to its manufacturer, the Class F fly ash contains major oxides of 52.9 % SiO 2 , 26. 4 Three variables were selected as candidates for influencing the optimization of properties of cement/fly ash blends: cement PSD, fly ash PSD, and fly ash volumetric proportion percentage. Since the goal of this project was to evaluate the performance of "fine" cements blended with "coarse" fly ashes, the cement PSDs were characterized by their D 90 Finally, the four levels for the fly ash volume percentage were set at 20 %, 35 %, 50 %, and 65 %. Since three variables with four levels implies 64 runs for a complete factorial experiment, the number of experimental runs was reduced to 16 by applying design of experiment principles to create a fractional factorial experimental design [10] . The selected experimental design with both encoded-level (0, 1, 2, and 3) variables and original values is provided in Table 1 . In addition to these sixteen mortar mixtures, four additional mixtures were investigated: 1) a control mixture produced with the original cement (two replicates prepared), 2) a 50:50 volumetric blend of the original cement and original fly ash as a reference point for the performance of an existing HVFA blend, 3) a mixture containing 35 % of an unprocessed (no grinding or subsequent classification) Class C fly ash with 65 % of the cement 9 with a D 90 of 11 µm, to investigate the influence of fly ash class on early and later age performance, and 4) a mixture with a Type III cement and 35 % of the 4 μm Class F fly ash to provide a reference point to the current industry practice of sometimes employing a Type III cement in concrete during winter construction. The control and 50:50 reference mixtures were the first two to be prepared. Following this, the run order of the next 16 mixtures was randomized as shown in Table 1 . After these sixteen mixtures were prepared, a replicate of the control mixture was executed. Next, the mixture with 35 % of a Class C fly ash was prepared and evaluated. Finally, the mixture with the Type III cement was prepared. The particle size distributions (PSDs) of the original and processed cements and fly ashes were measured using a laser diffraction technique and are provided in Figures 1 and 2 . Based on these measured PSDs and assuming spherical particles, the cement and fly ash surface areas (Table 2) were calculated for each mortar mixture examined in the present study, and considered to be a more quantitative variable than the targeted D 90 or D 10 values for representing the two powder components of the mixtures in subsequent regression analysis. In Table 2 , it can be observed that the PSD-estimated surface area for cement 6, 485 m 2 /kg, is significantly higher than its Blaine value of 376 m 2 /kg.
Because the mortars were prepared with constant mixture volume fractions of water (0.24), sand (0.55), and binder (cement + fly ash, 0.21) , the addition of a high range water reducing admixture (HRWRA) was necessary in some of the mixtures to maintain adequate flow and workability for specimen preparation. A polycarboxylate-type HRWRA known to produce minimal retardation was selected for this purpose. Screening studies were first conducted by performing rheological measurements in blended cement pastes with various addition levels of the HRWRA as described in detail in Appendix A. The final HRWRA dosages employed in each mortar are included in Table 1 . Regardless of the measured flow values, all mortar mixtures exhibited sufficient workability to mold mortar cubes for compressive strength testing and corrugated tubes for measurement of autogenous deformation (ASTM C1698 [9] ). No HRWRA addition was required for either the control mixture (#1) or the reference 50:50 mixture (#2). For mortar mixture #19 prepared with 35 % of the Class C fly ash, a HRWRA dosage of 0.67 g of HRWRA per 100 g binder was employed, while a dosage of 0.48 g HRWRA per 100 g binder was required for mortar mixture #20 prepared with the Type III cement. As expected, mixtures with a higher cement content (lower fly ash proportion) or employing a finer cement required a higher dosage of the HRWRA to provide sufficient flow. For these dosages, the flows measured on the mortar mixtures (ASTM C1437 [8] ) are summarized in Table 3 .
Each fresh mortar mixture was evaluated for air content via unit weight (cup) measurements according to ASTM C185 [8] and temperature (see Table 3 ), in addition to flow. Then, appropriate specimens were prepared for the following measurements: 1) Isothermal calorimetry -the heat of hydration was measured during the course of 7 d on premixed (as opposed to being mixed in situ in the calorimeter cells) sealed mortar samples with a mass of about 8 g using a TAM Air Calorimeter 3 2) Semi-adiabatic calorimetry -the semi-adiabatic temperature was measured during the course of 3 d on a single sealed mortar specimen with a mass of approximately 330 g using a custombuilt semi-adiabatic calorimeter unit [11] ; replicate specimens from separate batches have indicated a standard deviation of 1.4 °C in the maximum specimen temperature achieved during a 3 d test,
; to provide an indication of variability, two specimens from the same batch were evaluated in neighboring calorimeter cells for each experiment, the instantaneous deformation rate) once a stress of 13.8 MPa was reached; three specimens prepared from a single batch were evaluated at each time, with the averages and standard deviations provided in the results to follow (see Appendix A), and 4) Autogenous deformation -measured on triplicate or duplicate sealed mortar specimens prepared from a single batch, sealed in corrugated tubes according to the procedures in ASTM C1698 [9] ; in the ASTM C1698 standard, the single laboratory precision is listed as 30 microstrain for mortar specimens.
A subset of the mixtures (#1, #2, #8, #9, and #14) were evaluated with respect to setting time by performing ASTM C191 [8] measurements on cement pastes prepared in a high shear blender, but with the following modification to better prevent any evaporation from the specimen during the course of the test [12] . A moist sponge was held in place in the bottom of a foam cup using toothpicks, and the inverted cup placed on top of the truncated conical cement paste specimen, in an effort to maintain a near 100 % relative humidity environment surrounding the hardening cement paste. The cup was removed prior to each measurement and returned immediately after recording the needle penetration. In addition to this, the mass of the specimen and its holder (conical mold and bottom plate) was determined at the beginning of the test and immediately after final set was achieved. Typical mass loss is less than 0.5 % (specimen basis) even for specimens with final setting times of 8 h or more [12] , indicating minimal evaporation during the course of the measurement. All set time measurements were conducted inside a walkin environmental chamber maintained at (25.0 ± 1.0) °C. In the ASTM C191 standard [8] , the single laboratory precisions are listed as 12 min and 20 min for initial and final times of setting, respectively.
Results
Isothermal Calorimetry
The typical variability between the two isothermal calorimetry specimens was quite low. Representative plots from two of the mortar mixtures (#9 and #18) shown in Figure 3 show that the two curves are basically indistinguishable from one another, as is generally observed when performing this measurement [4, 13] . Heat flow results such as those in Figure 3 can be readily integrated and normalized to produce plots of cumulative heat (J/cm 3 mortar) for the 20 mixtures. These cumulative heat results for the first 24 h of curing are provided in two plots in Figure 4 . Due to their finer cements, the blended mixtures with 20 % fly ash (#9, #13, #14, and #17) generally exceed the cumulative heat produced in the control (100 % original cement) mortar, while some of the 35 % fly ash mixtures (#8 and #10) approach the control value. The relationship between cumulative heat release and compressive strength development at the early ages of 1 d, 3 d, and 7 d will be explored further later in this report. In comparison to the control mortar, nearly all of the mortars exhibit a mild (on the order of 1 h to 2 h) retardation, with the exception of mortar mixture #9 that contains 20 % fly ash and the finest cement 10. This can be observed in the plots by identifying, for example, the time at which a cumulative heat release of 20 J/cm 3 mortar is achieved, nominally 4 h for the control mortar. Contributors to this mild retardation could include the (pore solution) dilution of the more reactive cement by less reactive fly ash, chemical interactions of the fly ash with the cement reactions, and the addition of the HRWRA, although the latter was selected especially to minimize such effects and some of the mixtures exhibiting retardation in Figure 4 were produced without any HRWRA. These retarding effects are partially offset by the utilization of finer cements, as increasing cement fineness generally accelerates the hydration reactions slightly (on the order of 1 h for switching from a Type I/II cement to a Type III cement in HVFA mortars, for example [7] ). As has been observed in previous studies [7] , the Class C fly ash (mixture #19) exhibited a significant retardation, achieving a cumulative heat release of 20 J/cm 3 mortar only after 6 h. 
Setting Times
Since isothermal calorimetry is a direct indication of the extent of the hydration reactions, but not of the setting process [13] , a subset of the mortar mixtures were selected and their component pastes evaluated using the ASTM C191 standard test method for needle penetration [8] . Relative to the control mixture (#1), the results in Table 4 indicate both minor decreases in setting (#9) and increases on the order of 1 h (#8, #14). The most extreme delays in setting are observed for mixture #2, consisting of a 50:50 mixture of the original cement and fly ash. As mentioned for the extent of hydration in the previous section, the utilization of a finer cement helps to offset the delays in setting that are typically produced in HVFA mixtures. 
Semi-adiabatic Calorimetry
The semi-adiabatic temperature curves for the first 48 h of curing for each of the 20 mortar mixtures are provided in Figure 5 , with a linear regression analysis for the maximum temperature given in Figure 6 . By observing the curves themselves and the results of the regression analysis, it is clear that fly ash volume fraction has a major influence on temperature rise as the less reactive fly ash dilutes the more reactive cement, generating less heat and lowering the measured temperature rise. Thus, mixtures with the lowest fly ash content of 20 % (#9, #14, and #17) generally exceed the temperature rise of the control mortar, due to their incorporation of a finer, more reactive cement. Two of the mixtures with 35 % fly ash (#8 and #10) approach the temperature rise of the control, while those with either 50 % or 65 % fly ash exhibit much smaller temperature rises. This is in accord with the general practice of employing higher contents of fly ash in mass concrete to limit its temperature rise [5] . According to the regression analysis, cement fineness and fly ash fineness have much smaller influences on the semi-adiabatic response. Because of its greater retardation noted above, the Class C fly ash mixture #19 produced a slightly delayed and suppressed temperature peak relative to the mixture #8 with the same cement and 35 % of a Class F fly ash (which could be a benefit in mass concrete construction). In contrast to mixture #20 that was prepared with a commercially available Type III cement and 35 % fly ash, the mixtures prepared with 35 % fly ash and cements #8, #9, or #10 provided higher compressive strengths, while that prepared with cement #7 failed to achieve the strengths provided by the Type III mixture (#20). As can be seen in Table 2 , cements #8, #9, and #10 indeed have a higher fineness than the Type III cement (Blaine value of 613 m 2 /kg), while cement #7 is likely slightly coarser than the Type III cement, taking into account the differences between PSD-estimated and Blaine finenesses, as demonstrated for the original cement in this study (485 m 2 /kg vs. 386 m 2 /kg). For each of the ages at which strength testing was conducted, graphical and regression analysis results are presented, followed by a brief discussion of these results. The design of experiment (DEX) arithmetic mean plots shown in the figures represent the mean values of the measured strengths for each of the three variables at each of the four levels investigated in the study. These plots clearly indicate the magnitude of any influence each variable has on the compressive strength at a given age. To quantify these influences, linear regression analysis was conducted to determine equations representing the best-fit relationships between the independent variables (cement surface area, fly ash surface area, and fly ash volumetric proportion) and the dependent response (compressive strength at a given age). The regression analyses presented in the following figures are those obtained after first discarding any of the independent variables that do not have a significant influence on strength at a given age. For example, fly ash surface area did not exhibit a significant influence on measured strength at the ages of 1 d, 3 d, and 7 d, while cement surface area was not significant at an age of 91 d. For each age, the best fit to the experimental data (lowest standard uncertainty) was obtained by using the PSD-estimated surface areas of the cement and fly ash as independent variables, as opposed to either the targeted D 90 and D 10 values or the measured D 90 and D 10 values.
Compressive Strength Testing of Mortar Cubes
For each age, a second set of regression analyses was conducted using the following equation, containing the absolute surface areas of the cement and fly ash in each mixture: σ(t)=A t +B t *CSA*ρ cem *(1-FA/100)+C t *FASA*ρ FA *(FA/100)+D t *FA (1) where σ(t) is the compressive strength at time t, CSA is the cement surface area, ρ cem is the specific gravity of the cement (3.2), FASA is the fly ash surface area, ρ FA is the specific gravity of the fly ash (2.3), FA is the fly ash volume fraction in percent, and A t , B t , C t , and D t are the regression coefficients. In general, this model provided slightly improved fits (higher R) relative to those obtained using only the three primary independent variables, particularly at early ages. The following observations can be made based on the graphical and regression analyses of the compressive strength data (based directly on the regression analyses in Table 5 but consistent with those in Table 6 ): 1) Fly ash proportion has a major influence on compressive strength values at all ages of testing. While the linear regression coefficients shown in Table 5 indicates a maximum magnitude of the coefficients at a testing age of 28 d, if these coefficients are normalized by the strength values of the control mortar at each age (as indicated by the values in Appendix B), the relative influence of fly ash proportion decreases with age. This indicates that at longer times, fly ash provides strength equivalence to cement, in agreement with general results from the literature. 2) Cement fineness has a significant influence on strength at early ages, was deemed insignificant at a testing age of 91 d in Table 5 , and once again produced a significant influence but of an opposite sign at 182 d in Table 5 . Producing a finer cement accelerates hydration at early ages, contributing to strength enhancement. At an age of 91 d, however, all of the cements investigated in this study were sufficiently fine to have nearly achieved complete hydration and thus provide nominally equivalent contributions to strength. Finally, at an age of 182 d, the finer cements produced slightly lower strengths. One possible explanation for this might be the enhanced micro-reinforcement provided by any remaining unhydrated coarser cement particles relative to their finer counterparts. 3) Conversely, fly ash fineness, while insignificant at testing ages of 1 d, 3 d, and 7 d in Table 5 , has a significant influence on later age strength at 28 d and beyond, with the regression coefficient varying between about 3 and 5 for the three later testing ages in Table 5 . Within the range of sizes investigated in the present study, coarser fly ash particles will not react as readily as finer ones, so that later age strength is best enhanced by finer fly ash particles.
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Compressive Strength vs. Heat Release Analysis
Because all of the mortars were prepared with constant volumetric proportions and, therefore, a constant initial volume fraction of water-filled porosity, one could hypothesize the existence of a relationship between hydration as assessed by heat release and strength development [4] , since strength development is due to the building of bridges between cement and fly ash particles. This assumes that the initial porosity is the controlling variable for strength development and that interparticle spacing and total particle surface area are secondary influences for the range of mixtures investigated in the present study. It further assumes that the heat release of the cement hydration and fly ash pozzolanic reactions contribute proportionally to reaction product formation and thus strength development. The results plotted in Figure 28 do indeed indicate a fairly linear relationship between these two variables with some scatter, with an R 2 =0.9 ( Figure 29) . This relationship spans one order of magnitude in compressive strength values (from 1210 psi to over 12,400 psi), with the predictions exhibiting a standard uncertainty of less than 1000 psi (Figure 29) . The results also indicate that for this particular mortar mixture design, a heat release of about 50 J/cm 3 would be required to initiate significant strength development (e.g., after final setting). 
Autogenous Deformation
An indication of typical measurement variability for the autogenous deformation of the corrugated tubes filled with mortar (ASTM C1698 [9] ) is provided in Figure 30 , which shows the individual and average values for three specimens of mortar mixture #17. The standard deviation among the three values is in the range of 30 microstrain, in agreement with the precision quoted in the ASTM C1698 test method [9] . Subsequently, each mortar mixture was characterized by the average net autogenous shrinkage measured at 28 d, calculated as the difference between the maximum observed expansion (if any) and the deformation (shrinkage) measured at 28 d, based on the suggested protocol of Cusson [17] . These 28-d net shrinkage values are included in Appendix C, and were used to create DEX mean plots and to perform regression analysis, similar to the analyses conducted for compressive strength at each age. The DEX mean plots and the regression results are provided in Figures 31 and 32 , respectively. In Figure 31 , the fly ash volumetric proportion has a major influence on autogenous deformation, the cement fineness has a significant effect, and the fly ash fineness has a much smaller influence; this qualitative analysis is confirmed by the quantitative regression coefficients and t-statistics provided in Figure 32 . The computed square of the correlation coefficient (R 2 =0.87) is lower for fitting the 28-d net autogenous shrinkage results than it was for any of the six fits of the measured compressive strength data (each R 2 >0.95), as autogenous deformation is also dependent on interparticle pore sizes in addition to reactive surface areas [4, 14] . 
Autogenous Deformation vs. Strength Analysis
While strength is determined by the building and reinforcement of "bridges" between the original cement and fly ash particles, autogenous deformation depends both on the size of pores being (partially) emptied due to self-desiccation (as this pore size determines the magnitude of the autogenous stresses) and on the elastic modulus and creep coefficient of the material, as these latter two will determine the mortar's deformation response to this stress level [14] . In general, finer cements will produce increased strengths at early ages due to their increased surface area producing higher hydration rates and will also increase autogenous deformation due to the smaller interparticle spacing (along with the increased hydration rate concurrently increasing chemical shrinkage and the self-desiccation that chemical shrinkage produces). The relationship between net autogenous shrinkage and compressive strength is further explored in Figure 33 that plots the 28-d net autogenous shrinkage vs. the 28-d mortar cube compressive strength for the first 19 of the mortar mixtures. A monotonic (fairly linear) relationship is observed, with significant scatter. The three highest strength mixtures (with 20 % fly ash and the finest three cements) are also those that exhibit net autogenous shrinkages greater than 400 microstrain, and could therefore be more susceptible to early-age cracking. 
Conclusions
The present study has indicated that cement fineness, fly ash fineness, and fly ash volume fraction all have significant influences on strength development and other early-age properties of blended cement mortars. Strengths at each of the six ages were well fit as linear functions of the three independent variables of cement surface area, fly ash surface area, and fly ash volume fraction, with correlation coefficients, R, always greater than 0.97. For the range of variables investigated in this study, cement surface area has a significant influence on strength development for ages out to 28 d and again at 182 d, while fly ash surface area becomes significant from 28 days onward. Fly ash volume fraction has a very large influence on compressive strength at all tested ages, but its relative influence decreases with age, exemplifying the enhanced later age reactivity of fly ash in these blended cement mortars. A model based on the absolute surface areas of cement and fly ash in each mortar, along with the fly ash volume percentage, yielded correlation coefficients that were generally superior to those obtained by directly using the three independent variables, particularly at early ages. In this study, a Class C fly ash was utilized to achieve this performance at the 35 % level. Based on the compressive strength testing, it was demonstrated that the finer cements produced for this study are superior to the current practice of employing Type III cement in HVFA mixtures. In conclusion, the approach of combining a finer cement with a coarser fly ash to produce a superior blended product has merit, as demonstrated by the quantitative results obtained in this study.
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Appendix A -Procedures for Determining HRWRA Dosages
Rheological measurements usually are represented as a plot of shear stress, σ, vs. shear rate, γ [16] . The apparent viscosity [17] is defined as the ratio of the shear stress over the shear rate at a given shear rate. For a Newtonian fluid (no yield stress), it is also equal to the slope of the fitted line of the shear stress-shear rate plot, going through zero, as the relationship is linear. However, most granular materials are non-Newtonian. Their main characteristic is that they exhibit a yield stress, σ B , which is regarded as the stress needed to initiate deformation or flow of the material. There are several methods to measure the yield stress. The most common method is the extrapolation from the Bingham test method as described in equation 2. The plastic viscosity, η pl , and the yield stress, are estimated from the regression. This procedure assumes that the plastic viscosity is defined as the slope of the shear stress -shear rate curve and that the yield stress is the intercept of the curve at a zero shear rate. This point is generally not measured so this constitutes an extrapolation (Figure 34 ). The Bingham rheological parameters (yield stress and plastic viscosity) characterize the flow curve within a limited range of shear rates when it is not linear over a wider range of shear rates. The configuration of the rotational rheometer [18] used was a parallel plate with a diameter of 35 mm, a serrated surface and with the gap varying from 0.4 mm upwards.
Cement paste rheological parameters are strongly affected by the amount of HRWRA added to the mixture. Usually, the yield stress and plastic viscosity decrease with an increase in the amount of HRWRA, until a maximum dosage is reached where the addition of HRWRA admixture does not change the rheological properties, a so-called saturation point. The rheological properties also change with time as the cement paste reacts and approaches initial set. The goal of these measurements was to estimate the optimum dosage of HRWRA for a given Table 1 . To determine this dosage while minimizing the amount of materials and time required, the following process was developed: 1) Prepare the mixture using a high-shear blender with temperature control. The temperature of the water bath is set at 15 °C, to obtain a paste at 21 °C. As soon as the mixing is completed, the temperature control is turned off and the material is kept covered.
2) Measure the rheological properties in the parallel plate rheometer using the following sequence [19] after placing the material between the plates: 1) 30 s of no shear to equilibrate with the temperature of 23 °C; 2) 160 s of shear at 70 s -1 to homogenize the material; 3) increase the shear rate in steps from 1 s -1 to 50 s -1 and then decrease it to 1 s -1 . The induced shear stresses are measured, corresponding to 10 shear rates when increasing the rotational velocity, and 10 additional levels when decreasing the rotational velocity. Each measured point is recorded after the shear stress reached equilibrium or after 20 s, whichever occurs first. The descending data are regressed to a line using ordinary least squares (Figure 34 ), and the plastic viscosity and yield stress are estimated based on the Bingham equation (Eq. (2)).
3) If the plastic viscosity is high enough (above 0.30 Pa·s) or the yield stress is above 50 Pa, a dosage of HRWRA is added to the mixture and it is remixed for 30 s at 1050 rad/s [10,000 rpm]. The dosage is selected depending on the magnitude of the yield stress or plastic viscosity, in other words how far from the desired values the original measurements are. 4) After the addition of the HRWRA and remixing, points 2 and 3 are repeated until the desired rheological properties are obtained. If set occurs during this process, a new mixture is prepared and dosages are adjusted accordingly. Initial setting is easily detected by a significant increase of the rheological parameters and the development of a non-linear shear stress-shear rate curve.
The results obtained are shown in Table 7 . For two of the mixtures, the dosage could only be estimated due to the fact that at all the examined dosages of HRWRA, the shear stress-shear rate curve was not linear and therefore, the yield stress and plastic viscosity could not be correctly estimated. These mixtures are marked Not linear in Table 7 . 
